Damage to orbitofrontal cortex (OFC) has long been associated with deficits in reversal learning. OFC damage also causes inflexible associative encoding in basolateral amygdala (ABL) during reversal learning. Here we provide a critical test of the hypothesis that the reversal deficit in OFC-lesioned rats is caused by this inflexible encoding in ABL. Rats with bilateral neurotoxic lesions of OFC, ABL, or both areas were tested on a series of two-odor go/no-go discrimination problems, followed by two serial reversals of the final problem. As expected, all groups acquired the initial problems at the same rate, and rats with OFC lesions were slower to acquire the reversals than sham controls. This impairment was abolished by accompanying ABL lesions, while ABL lesions alone had no effect on reversal learning. These results are consistent with the hypothesis that OFC facilitates cognitive flexibility by promoting updating of associative encoding in downstream brain areas.
INTRODUCTION
Orbitofrontal cortex (OFC) has long been implicated in cognitive flexibility (Jones and Mishkin, 1972; Mishkin, 1964) . This role is evident from impairments in rapid reversal learning that are observed after OFC damage in a variety of species (Bohn et al., 2003; Brown and McAlonan, 2003; Chudasama and Robbins, 2003; Dias et al., 1996; Jones and Mishkin, 1972; Kim and Ragozzino, 2005; Meunier et al., 1997; Rolls et al., 1994; Schoenbaum et al., 2002 Schoenbaum et al., , 2003a Teitelbaum, 1964) . In these settings, animals are first taught to respond to one cue to receive reward and to withhold or inhibit a similar response to avoid punishment (or nonreward). Animals with OFC damage typically acquire the initial discrimination normally but require many more trials than controls to relearn the discrimination after the cue-outcome associations are reversed. This deficit has been taken as evidence that OFC is important for promoting flexible responding.
The role of OFC in promoting flexible responding has been linked to the finding that cue-selective neurons in OFC reverse firing selectivity for cues during reversal learning (Rolls et al., 1996; Schoenbaum et al., 1999; Thorpe et al., 1983) . Reversal of cue-selective activity in OFC neurons presumably reflects acquisition of the reversed associations. By this account, the reversed associations are learned first in OFC and are then propagated to other brain areas, thereby driving behavioral reversal. Yet recent neurophysiological findings are not consistent with this hypothesis. For example, cue-selective neural activity in associative learning areas, such as basolateral amygdala (ABL), reverses faster and in greater proportions than in OFC (Patton et al., 2006; Schoenbaum et al., 1999) . Furthermore, the probability of observing reversal of cue selectivity in OFC neurons is actually inversely related to the rate of reversal learning (Stalnaker et al., 2006 ).
An alternative explanation for the role of OFC in promoting flexible responding is found in the neural activity in OFC that anticipates and seems to encode expected outcomes (Feierstein et al., 2006; Watanabe, 2000, 2004; Roesch et al., 2006; Schoenbaum et al., 1998 Schoenbaum et al., , 2003b Schoenbaum et al., , 2006b Tremblay and Schultz, 2000) . We have proposed that such activity provides a signal that could be compared to actual outcomes (Schoenbaum et al., 2006a) . When an actual outcome fails to match expectations, as during reversal learning, this comparison could promote changes in old associative representations and the acquisition of new ones. By this account, OFC would support reversal learning not due to a direct role in rapidly encoding the new associations, but rather indirectly by facilitating changes in associative encoding in other brain regions. Consistent with this proposal, we have recently reported that cue-selective firing in ABL neurons, which normally changes rapidly in rats and primates during reversal learning (Patton et al., 2006; Schoenbaum et al., 1999) , fails to reverse in rats with unilateral OFC lesions .
These alternative accounts of the role of OFC in reversal learning make different predictions about how damage to downstream areas will affect an OFC-dependent reversal deficit. If OFC normally promotes reversal directly by rapidly acquiring and then signaling the reversed associations to downstream brain areas, then damage to these downstream areas should either worsen or have no effect on the OFC-dependent reversal deficit. On the other hand, if OFC normally promotes reversal by allowing recognition of errors so that downstream areas can modify their representations, then damage to those downstream areas in OFC-lesioned animals might mitigate or even abolish the reversal impairment. Here we test these predictions by assessing reversal learning in rats with bilateral neurotoxic lesions of OFC, ABL, or both areas. Consistent with the latter account, we found that damage to ABL abolished the reversal deficit caused by OFC lesions.
RESULTS
The study included 34 young adult male Long-Evans rats, obtained from Charles River. After 1 week of handling, the rats underwent stereotaxic surgery to create bilateral neurotoxic lesions of OFC (n = 8), ABL (n = 6), or OFC+ABL (n = 13). Lesions were created by infusing small amounts of N-methyl-D-aspartic acid (NMDA) (12.5 mg/ml) into each region. Control rats (n = 7) received infusions of saline vehicle in OFC and ABL.
For OFC, the infusions targeted the ventral and lateral orbital areas and the dorsal and ventral agranular insular regions. This target region includes areas on the dorsal bank of the rhinal sulcus that receive olfactory input from piriform cortex (Cinelli et al., 1985; Price et al., 1991) and more laterally located insular regions that have direct interactions with ABL (Kita and Kitai, 1990; Krettek and Price, 1977; Shi and Cassell, 1998) , while avoiding gustatory regions located in agranular insular cortex posterior to the genu of the corpus callosum (Kosar et al., 1986; Krushel and Van Der Kooy, 1988; Saper, 1982) . For ABL, the target region encompassed the entire anterior-posterior extent of ABL, and included the lateral, basal, and accessory basal nuclei. Five rats in the OFC group, five rats in the ABL group, and eight rats in the OFC+ABL group were judged to have acceptable lesions of these target regions; three rats were excluded due to collateral damage and six rats were excluded because they had little or no damage within the target region in one hemisphere. No damage was found in either OFC or ABL in the sham control group, so all seven of these rats were included. Figure 1 shows maximum, minimum, and representative lesions in each of the lesioned groups. Lesioned area within the target region of OFC averaged 54% (42%-65%) in the OFC group and 58% (46%-74%) in the OFC+ABL group. Lesioned area within the target region of ABL averaged 79% (68%-92%) in the ABL group and 81% (56%-100%) in the OFC+ABL group; in neither OFC nor ABL was there any significant difference between the lesioned groups at any of the rostro-caudal levels shown in Figure 1 .
After a 2 week recovery period, all rats were trained on a series of four two-odor discrimination problems using materials and procedures identical to those in our earlier studies of odor discrimination and reversal learning (Schoenbaum et al., 2002 (Schoenbaum et al., , 2003a Schoenbaum and Setlow, 2003) . In each problem, one ''positive'' odor signaled the availability of an appetitive sucrose solution, and a second ''negative'' odor signaled the availability of an aversive quinine solution. When presented with a new odor pair, the rats initially responded at the fluid well on every trial, but subsequently learned to respond after sampling the positive odor and to refrain from responding after sampling the negative odor. Training on each problem continued until all rats acquired the problem by meeting a behavioral criterion of 18 correct responses out of a moving block of 20 trials. Average trials-to-criterion on each problem is shown in Figure 2A ; there was no effect of either OFC or ABL lesions on acquisition of these odor discriminations. A three-factor ANOVA (ABL lesion 3 OFC lesion 3 odor problem) revealed neither main effects nor any interactions with either lesion factor (F < 2.1; p > 0.15). As expected, however, there was a significant main effect of odor problem (F 3,63 = 68.5, p < 0.001), reflecting the increasing facility with which rats in all of the groups reached criterion on the four successive discriminations. Note that we also examined changes in response latencies on positive-go and negative-go trials across learning. Differential changes in these measures may provide more specific information regarding acquisition of stimulus-outcome associations than go/no-go performance (Holland and Straub, 1979; Sage and Knowlton, 2000) . As expected from previous studies (Schoenbaum et al., 2003a) , control rats exhibited differential changes in their latency to respond on positive and negative trials, whereas rats with OFC and ABL lesions failed to show these changes (see Supplemental Data for data and statistics).
After all rats had acquired the final problem, the rats began reversal training in which they learned two serial reversals of this final problem. Again, all materials and procedures were identical to those in our earlier studies of reversal learning (Schoenbaum et al., 2002 (Schoenbaum et al., , 2003a Schoenbaum and Setlow, 2003) . Rats were required to demonstrate retention of the problem with the original contingencies (S1+/S2) by meeting the behavioral criterion of 18/20 correct, and then acquire a reversal of those contingencies (S1À/S2+) by meeting the same criterion. The following day the rats were required to demonstrate retention of the problem with the reversed contingencies (S1À/S2+), and then acquire a reversal back to the original contingencies (S1+/S2À).
Average trials-to-criterion on the retentions and the reversals are shown in Figure 2B . As expected from previously published results in this exact paradigm (Schoenbaum et al., 2003a) , rats with OFC lesions acquired the reversals more slowly than controls. By contrast, rats with OFC+ABL lesions learned the reversals at a normal rate; ABL lesions by themselves had no effect. In agreement with this description, a four-factor ANOVA (OFC lesion 3 ABL lesion 3 original/new contingency 3 retention/reversal) showed no significant main effects of OFC (F 1,21 = 0.4, p = 0.55) or ABL (F 1,21 = 2.4, p = 0.14) lesions, but a significant interaction between the two (F 1,21 = 6.6, p = 0.018). Further, there was a significant three-way interaction between OFC lesion, ABL lesion, and retention/ reversal (F 1,21 = 7.8, p < 0.015). This significant interaction reflected the fact that rats with OFC+ABL lesions performed better than rats with OFC lesions alone specifically on reversals. Planned contrasts revealed a significant difference in reversal performance between rats with OFC lesions alone and OFC+ABL lesions (p = 0.008) 
Reconstruction of the Regions of Damage in Lesioned Rats
Drawings showing a reconstruction of the region of damage in (A) OFC-, (B) OFC+ABL-, and (C) ABL-lesioned rats. Drawings depict the largest (diagonal hatched areas), the smallest (black areas), and representative (cross-hatched areas) lesions in each lesion group. Plates are adapted from the atlas of Paxinos and Watson (Paxinos and Watson, 1997) .
and between rats with OFC lesions alone and controls (p = 0.039). There was no significant difference in reversal performance between controls and rats with either OFC+ABL lesions (p = 0.47) or ABL lesions alone (p = 0.39).
DISCUSSION
OFC damage in a variety of species has long been associated with deficits in cognitive flexibility; these deficits are exemplified by the inability of rats, cats, monkeys, and humans with OFC damage to rapidly reverse previously acquired discriminations (Bohn et al., 2003; Brown and McAlonan, 2003; Chudasama and Robbins, 2003; Dias et al., 1996; Jones and Mishkin, 1972; Kim and Ragozzino, 2005; Meunier et al., 1997; Rolls et al., 1994; Schoenbaum et al., 2002 Schoenbaum et al., , 2003a Teitelbaum, 1964) . We have argued that this deficit reflects an indirect influence that OFC has on modulating or changing associative representations in downstream brain regions when expected outcomes do not match actual outcomes (Schoenbaum and Roesch, 2005) . This hypothesis suggests that OFC-lesioned animals are impaired on reversals because of inflexible or perseverative encoding in downstream regions. Consistent with this idea, we have previously found that cue-selective activity in ABL, which normally reverses in high proportions during reversal learning, essentially fails to reverse in rats with unilateral OFC lesions . Here we have shown that ABL lesions, which have no effect on reversal performance by themselves, correct the reversal impairment caused by bilateral OFC lesions in rats. This result suggests that abnormally persistent representations in ABL slow reversal learning in rats with bilateral OFC lesions.
Importantly, lesions of ABL in otherwise intact rats did not cause a general facilitation of reversal learning, and neither did ABL lesions have any effect on the acquisition of the initial discriminations. This argues against an account by which ABL lesions corrected the reversal impairment by an effect on initial acquisition of the discriminations or by independently improving cognitive flexibility. The absence of effects of ABL lesions on reversal learning is consistent with our own prior work and other reports that have used fiber-sparing lesion techniques to examine the role of amygdala in reversal learning (Baxter and Murray, 2002; Izquierdo and Murray, 2007; Schoenbaum et al., 2003a) . The simplest explanation of these results is that changes in associative encoding in ABL during reversal learning are normally faster than those in other regions (at least in paradigms similar to ours). As a result, removing ABL has little effect in otherwise intact rats. However, OFC lesions impair reversal of associative encoding in ABL, rendering it slow enough to retard the rate of behavioral reversal.
Interestingly, there are some settings in which ABL lesions do facilitate cognitive flexibility. One example is seen in a recent report by Murray and colleagues in which neurotoxic amygdala lesions facilitated extinction (Izquierdo and Murray, 2005) . This setting differs from the reversal task used in the current report in that outcome information is deemphasized, since there is only one cue and one outcome during initial learning and only the absence of that outcome, rather than its replacement by an aversive outcome, during extinction. Under these circumstances, stimulus-outcome encoding in ABL may not change as rapidly as it does during a reversal, in which there are two cues and two differently valenced outcomes. If encoding were to change more slowly in ABL than in other areas, then performance would be improved by lesions of amygdala. Thus, the critical involvement of amygdala in cognitive flexibility may depend on the type of associative information emphasized in a particular setting.
The Role of OFC during Reversal Learning
The role of OFC in modulating or facilitating changes in associative learning in downstream brain regions could be 
. Effects of OFC and ABL Lesions on the Acquisition and Reversal of a Series of Go/No-Go Odor Discrimination Problems
Shown in (A) are average trials required to learn each odor discrimination problem (D1, D2, D3, D4), and in (B), average trials to demonstrate retention and reversal of the final odor problem (D4). Data from ABL-sham and -lesioned rats are shown by white and black bars, respectively, separated depending on whether the rats also had OFC lesions. Error bars indicate SEM. (*), significant difference with p < 0.05. related to the reversal of cue-selective activity observed in OFC during reversal learning (Rolls et al., 1996; Schoenbaum et al., 1999) . Under such a scenario, OFC would be critical to cognitive flexibility because it encodes the new stimulus-outcome associations after reversal more quickly than other brain regions and then propagates this information to downstream brain areas to drive the behavioral reversal directly. This hypothesis makes several predictions, all of which are contradicted by recent findings. First, reversal of cue selectivity in OFC should occur earlier and perhaps more prominently in OFC than in other brain regions. Although reversal of cue-selective neural correlates in OFC initially did appear to be relatively unique, we now know that cue-selective neurons in other areas-most notably in amygdala-reverse faster and in greater numbers than in OFC (Calu et al., 2005, Soc. Neurosci., abstract); Patton et al., 2006; Schoenbaum et al., 1999) . Second, reversal of cue selectivity in OFC should show some predictive relationship with performance on the reversal. We have recently looked for such a relationship and found that cue-selective OFC neurons are more likely to reverse in rats that perform poorly on reversals and in sessions characterized by poor reversal performance (Stalnaker et al., 2006) . This relationship is inconsistent with the notion that flexible encoding in OFC drives behavioral reversal, since if it did so one would expect the opposite relationship (i.e., better performance when reversing neurons are plentiful); instead it suggests that reversal of cue selectivity in OFC may result from feedback regarding discrepancies between expected and actual outcomes, which would be greatest when reversal performance is poor. Indeed, OFC BOLD response is sensitive to violations of expected outcomes, and some neurons in OFC respond strongly when errors are detected (Feierstein et al., 2006; Nobre et al., 1999) . Third, damage to downstream brain regions should leave unaffected or perhaps even make worse a reversal deficit caused by damage to OFC. The current results address this last prediction and show clearly that this is not the case, or at least not the case for lesions of ABL in our particular reversal task. Thus, it seems unlikely that OFC supports reversal learning due to some special facility this area has for flexible encoding of stimulus-outcome associations.
Instead we would suggest that the role of OFC is related to encoding of outcome expectancies (Schoenbaum and Roesch, 2005) . Neurons in OFC appear to be particularly well tuned to fire in anticipation of expected outcomes. This is evident across different species and tasks; neural activity or BOLD changes in OFC are often triggered by cues and events that tell the animal or human something about the value of impending outcomes (Blair et al., 2006; Feierstein et al., 2006; Gottfried et al., 2003; Hikosaka and Watanabe, 2004; O'Doherty et al., 2002; Olson, 2004, 2005; Roesch et al., 2006; Schoenbaum et al., 1998 Schoenbaum et al., , 2003b Tremblay and Schultz, 1999) . The importance of OFC for signaling such information is evident in lesion studies in which damage to OFC causes selective deficits in the ability of animals to use information about the value of expected outcomes to guide behavior. This is illustrated by the inability of OFC-lesioned animals to modify responses to cues after reinforcer devaluation or the inability to use differential outcomes to enhance discriminative responding McDannald et al., 2005; Pickens et al., 2003) .
We have argued that this role in signaling expected outcomes would also facilitate learning when actual outcomes do not match expectations, as is the case during reversal learning (Schoenbaum and Roesch, 2005) . That is, the recognition of a discrepancy between expected and actual outcomes would lead to faster updating of old associative encoding that is no longer valid. Under this hypothesis, the loss of OFC-dependent signaling of expected outcomes would result in slower changes in stimulus-outcome associations in other brain regions. Consistent with this proposal, we have recently reported that cue-selective firing in ABL neurons, which normally changes rapidly in rats and primates during reversal learning (Patton et al., 2006; Schoenbaum et al., 1999) , changes more slowly and fails to reverse in rats with unilateral OFC lesions . Under this scenario, damage to the downstream regions should mitigate the reversal impairment caused by OFC lesions, as we have reported here.
Our results stand in contrast to a recent report on the effects of ipsilateral lesions of OFC+amygdala in monkeys, which have been reported to impair reversal learning . This study differs in a variety of ways from our report, including obvious differences in species, possible anatomical specificity of lesions in both regions, and task design. For example, the lesions in monkeys included the central nucleus of amygdala in addition to ABL. Central nucleus is now recognized as an important associative learning node in its own right (Balleine and Killcross, 2006; Gallagher and Holland, 1994) , and thus lesions that include this area may negate the improvement caused by ABL damage. Another critical aspect of the different effects in our report and this prior study may be the use of a unilateral lesion. Since unilateral OFC lesions alone do not typically cause reversal impairments , it may be that the basis of the reversal impairment after unilateral OFC+amygdala lesions is quite a bit more complex than that after bilateral OFC lesions. To the extent that the basis of the impairment is the same as after bilateral lesions, reflecting global disruptions of OFC processing, our hypothesis would predict little or no ameliorative effect of unilateral ABL damage, since this would leave persistent correlates in the contralateral ABL to disrupt performance.
Of course, OFC and ABL are not the only two brain regions involved in reversal learning, as shown by the transient effects of OFC lesions on reversal performance in a variety of settings (Dias et al., 1997; Iversen and Mishkin, 1970; Schoenbaum et al., 2002) . Indeed, the fact that rats with OFC+ABL lesions learned reversals as quickly as controls shows that other areas are fully capable of supporting reversal learning, even initially. Many other areas have been implicated in reversals, any of which might mediate normal performance in the OFC+ABL lesioned rats. For example, damage to rhinal cortex can cause reversal impairments in monkeys (Murray et al., 1998) , and damage to prelimbic and infralimbic prefrontal regions can cause impairments in flexible behavior in a variety of settings in rats (Birrell and Brown, 2000; Chudasama and Robbins, 2003; Milad and Quirk, 2002; Ragozzino et al., 1999) . These areas may also act via interactions with downstream areas, such as amygdala or perhaps striatum.
Striatal networks are particularly interesting in this regard, as they remained intact in the rats in the current study. These regions likely encode associations between the cues and the responses or between the responses and the outcomes in the present task (Featherstone and McDonald, 2004; Ragozzino et al., 2002; Yin et al., 2004) . Such associations could be used to solve reversals and may mediate normal performance in rats with OFC+ABL lesions. Notably, our results imply that the regions supporting reversal learning in OFC+ABL lesioned rats do not require input from OFC regarding expected outcomes to mediate this function. Thus, we would predict that ventral striatum, which receives direct input from OFC, is not the critical area. Consistent with this prediction, ventral striatal lesions do not impair reversal learning in this task . Instead, dorsal striatum may be the critical actor (Atallah et al., 2007; Daw et al., 2005; O'Doherty et al., 2004) .
EXPERIMENTAL PROCEDURES

Subjects
All experimental procedures conformed to university and NIH guidelines. Thirty-four male Long-Evans rats (300-350 g), obtained from Charles River Laboratories (Wilmington, MA), served as subjects. During testing, rats were given free access to water for 10-30 min per day after each session.
Surgery
Lesions were made in stereotaxic surgery using intracerebral infusions of N-methyl-D-aspartic acid (NMDA, Sigma, St. Louis, MO) in saline vehicle as previously described (Pickens et al., 2003; Schoenbaum et al., 2003a) . Controls received saline vehicle infusions. For OFC lesions, four infusions of NMDA (12.5 mg/ml) were made on each side. Two of these were 0.1 ml at 4.0 mm anterior to bregma, with one at 2.2 and one at 3.7 mm lateral to the midline, at a depth of 3.8 mm ventral to the skull surface. The other two were at 3.0 mm anterior to bregma, with one at 3.2 mm lateral to the midline (0.05 ml) and the other at 4.2 mm lateral to the midline (0.1 ml), with both at 5.2 mm ventral to the skull surface. For ABL lesions, infusions of NMDA (12.5 mg/ml) were made at 2.7 mm posterior to bregma, 5.0 mm lateral to the midline. At these coordinates, we infused 0.2 ml NMDA at 8.7 mm ventral to the skull surface and 0.1 ml NMDA at 8.4 mm ventral to the skull surface. Thirteen rats received NMDA infusions in both OFC and ABL. Eight rats received NMDA infusions in OFC and vehicle infusion in ABL. Seven rats received vehicle infusions in both OFC and ABL. Six rats received NMDA infusions bilaterally in ABL. At the completion of testing, the rats were perfused and the brains processed for histology using standard procedures (Pickens et al., 2003; Schoenbaum et al., 2003a) .
Behavioral Testing
The apparatus and training procedures were identical to those used in previous studies (Schoenbaum et al., 2002 (Schoenbaum et al., , 2003a Schoenbaum and Setlow, 2003) . Rats were first shaped to nosepoke at an odor port to receive a water reward in a fluid well. Then they were presented with a series of two-odor problems in which one odor signaled that a response at the fluid well would result in delivery of a 10% sucrose solution, and the other odor indicated that the same response would result in delivery of a 0.02 M quinine solution. The rat terminated odor sampling by leaving the odor port and then had 3 s to make a go response at the fluid well. If a response was detected, fluid was delivered to the well. If not, the trial was counted as a no-go.
Training was divided into two phases. In the first phase, rats were required to learn a series of four two-odor discrimination problems (D1-D4). Training continued until a rat met a criterion of 18 correct responses in a moving block of 20 trials on each problem. Once the first four odor problems (D1-D4) were acquired, the second phase of training began. In this phase, rats were required to learn a series of reversals in which the contingencies signaled by the odor cues were reversed. This phase began with presentation of the most recently acquired odor problem (D4) using the same contingencies that were employed in initial training (S1+/S2À). Once the rats demonstrated retention of this odor problem with the original contingencies by meeting a behavioral criterion of 18 correct responses in a moving block of 20 trials, training continued until 80% correct performance was maintained over a block of 60 trials, after which the response contingencies were reversed. This secondary performance requirement ensured that all rats were equally proficient on the odor problem before reversal. Training on the reversed problem (S1À/S2+) continued over multiple sessions until the behavioral criterion was met again. After this first reversal was completed, the contingencies for the same odor cues were reversed a second time in the same manner.
Data Analysis
Acquisition on each discrimination problem and each reversal was evaluated by calculating the trials required to reach the behavioral criterion for each animal (18/20 correct). These data were analyzed by ANOVA with repeated measures (Statistica, Statsoft, Tulsa OK).
Supplemental Data
The Supplemental Data for this article can be found online at http:// www.neuron.org/cgi/content/full/54/1/51/DC1/.
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